The polymerisation of a furfuryl alcohol-based resin, used as matrix for glass-fiber-reinforced composite materials, was studied by differential scanning calorimetry (DSC), and an empirical kinetic model of the complex reactive process was developed. The kinetic investigation led to the determination of kinetic constants, activation energies, and reaction orders for the adopted kinetic model.
Introduction
Furanic resins are currently proposed as alternative material in the production of fiberreinforced composite components by pultrusion [1] . A convenient viscosity (i.e., 500-2000mPas), long pot life in the impregnation tank, i.e., the resin viscosity has not to increase significantly over a long time period; high reactivity to fabricate the composites within a short period in the pultrusion die; good fiber wetting required to obtain the optimum mechanical and thermal properties are the most suitable characteristics that a resins must possess for pultrusion. Furanic resin can adequately satisfy all these requirements [2] .
Because of their intrinsic fire resistance, glass-fiber-reinforced poly(furfuryl alcohol) composite materials can be considered for application in the transportation industry. In fact, they provide low flame spread and very low smoke emission, without addition of halogenated fire retardants or high filler loading [3] .
As in the case of other thermosetting matrix for composites, the processing of furanic-based materials requires a careful application of the processing conditions, in order to control the development of the viscosity in the final composite, which is strictly dependent on temperature and polymer structure. In fact, the continuous change of resin from a low-viscosity liquid monomer at beginning to a solid polymer at process end affects fiber wettability, bubbles formation and growth, and composite consolidation. Thus, the control of the hardening process of these materials requires an accurate knowledge of the resin polymerisation kinetics, as a function of the applied processing temperature [4+8] . It has been recently demonstrated that optimisation and control procedures, based on the modelling of curing kinetic and fundamental transport phenomena, associated with the specific technology used, can be successfully utilised to select the appropriate temperature and pressure to be applied during the cure of composite matrix [9] . Unfortunately, the complete chemical characterisation of the thermosetting reactions, required to provide a mechanistic kinetic model, is a difficult task. Therefore, empirical kinetic models have been developed and applied in recent years to describe the curing process of several thermosetting matrices like epoxy and polyester resins [10] .
In this paper, the results of a calorimetric characterisation of the furanic matrix have been used to develop an empirical kinetic model of the complex curing reaction. In particular, the determination of the kinetic parameters have been approached by regression analysis of the isothermal thermogram data.
Experimental
A two component furfuryl alcohol/catalyst system (Aldrich, analytical grade chemicals) was studied. The catalyst was a 33% by volume percloric acid (HCI04) aqueous solution. Before mixing, the monomer was cooled by an ice/NaCl bath to prevent the room temperature polymerisation of the sample. The mixture, whose standard monomer/catalyst-solution ratio before reaction was 2000: 1 by weight, was placed in a DSC pan, weighed and analysed, minimising the time between preparation and characterisation, because the mixture had a very brief pot-life at room temperature that can be less than 20 minutes if the temperature rises above 40°C.
The calorimetric characterisation was carried out in a DSC (Mettler, DSC-30) operating in the range of temperatures between -150 and +600°C. The equipment works in nitrogen atmosphere and it is equipped with a liquid nitrogen cooling system. DSC thermograms were recorded in isothermal and dynamic conditions at different scan rates starting from -50°C, and each experiment was repeated at least twice. The best thermograms were obtained at a heating rate of 1O°Cmin- 1 . Experimental data were analysed, applying a statistical software for non-linear regression analysis (Kaleida Graph).
Results and Discussion
In order to study the kinetic behaviour of the furfuryl alcohol polymerisation reaction, it is assumed that the partial area obtained by integration of the isothermal DSC thermogram curve is proportional to the reaction conversion. Consequently, it is possible to define the reaction cure degree (a) as the ratio of the heat fraction developed up to a given time t (Q( n) to the total heat evolved during the isothermal reaction (Q:~~):
Where dQ/dt is the heat flow at t time graphed in the DSC thermogram, under isothermal conditions. The reaction rate is then defined in the following form:
Using these two definitions we can easily obtain the diagram of reaction rate and conversion as a function of time at different temperatures. The reaction rate diagram, obtained from the analysis of isothermal DSC thermograms of furfuryl alcohol/Hf'rO, system, is shown in Figure I As visible, the curing process is faster with the increase of temperature, and the heat of reaction shows a significant increment as the temperature increases. The selected range of curing temperatures was 40+90°C because, at catalyst concentration used, above 90°C the reaction is so fast that it takes significantly place in the transient stage of measurement, which means that data are lost in the starting period.
The valuation of relative conversion behaviours of the polymerisation reaction requires to know the full reaction heat obtainable by a dynamic DSC test of the starting resin (Q~~n), and to substitute this value to the Q:~~value, contained in the equation (l) . An endothermic peak due to the water evaporation was visible in the dynamic DSC thermograms at a temperature above 100°C. The position of this endothermic peak appears erratic and seems to depend on the heating rate and, probably, on the characteristics of the polymer network being formed in the process. The presence of this endothermic peak makes impossible the valuation of the full reaction heat from a dynamic DSC thermogram. Consequently, after the isothermal curing, dynamic tests were performed on the cured samples. Post-curing was observed which was more significant the smaller was the temperature of the previous isothermal cure. The heat of post-curing (i.e., the residual reaction heat) was evaluated by integration of the thermogram heat flow. In particular, the baseline was obtained by lengthen of the stage after post-curing as far as the glass transition temperature peak. Therefore, the full reaction heat was obtained by addition of isothermal heat and residual reaction heat. The relative conversion value diagram for the furfuryl alcohol resin is shown in Figure 2 . The dynamic post-cure DSC thermograms give also the glass transition temperature value (Tg), shown in Figure 3 . As visible in Figure 3 , the Tg of cured resin is higher than the respective polymerisation temperature (T c), consequently, a diffusion control is operative at end of the polymerisation process, so to increase the Tg value above the cure temperature. In particular, the isothermal curing reaction is a consequence of the interaction of the chemical kinetic of curing with other physical processes. The most important of these processes are gelation and vitrification. Gelation corresponds to the incipient formation of an infinite network of crosslinked polymer molecules. Vitrification involves a transformation from a liquid or rubbery state to a glassy state, as a result of an increase in molecular weight. This phenomenon occurs when the Tg becomes equal to the Tc value. When the Tg of the system is lower than Tc the curing reaction is controlled by the chemical reactivity. However, when the system reaches the glassy state (Tg>Tc) the chemical reaction becomes controlled by diffusion, since the mobility of reacting groups becomes very restricted.
The kinetic data have been fitted using the following empirical expression:
The best-fitting parameters of this expression are shown for the different curing temperature in the table below, and an example of the kinetic data fitting quality is shown in Figure 4 . 
